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We interpret the valence band {VB) photoelectron spectra (UPS and XPS)
for the high~temperature superconductors (HTSC’s), LasxBa;,CuO¢ and
¥YBayCusOr (herein referred to as La and 123). We {dentify the source of the
"mystery” feature at 9.5 eV in the UPS [1], and explain the large differences
seen between the calculated density of states (DOS) and the experimental
spectra in the VB region [2].

The basic VB electronic structure of the HTSC's can be described by an
extended Hubbard model, characterized by the transfer or hopping integral t,
the Cu and O orbital energies cq and ¢,, the intra-site Coulomb repulsion
energies Uqy and U,, and the inter-gite repulsion energies Uy and U,p* (i.e.
between neighboring Cu-O and 0-O atoms). The magnitudes of these U
parameters are critical to the mechanism for the superconductivity. As a
consequence, much effort has gone into theoretically calculating these
parameters, but wide disagreement still exists over the magnitudes.
Theoretical values for Ue in the range 6.5-10 eV, U, (actually U,-Uy®) in
the range 7-14 eV, and Ug in the range 0.6-1.6 eV have been reported {3],
with the smaller results favored based on the quality of the calculations. No
results for Us® have been reported., Our empirical results indicate that Ue =
9.5, Up = 12, and Up®* = 4.5 eV for 123. The latter two are much larger than
previously thought for these metallic systems, although Up-U,* 18 in
agreement with the best theoretical resulta above.

We generalize the theory of vanderLaan et al (4] in an extended
Hubbard model to interpret the spectra. All of the data can be understood
within & CuOsfts-2=  cluster model, which {8 valid when the U’s are large
relative to the bandwidths (4], {.e. when correlation effecta dominate covalent
or hybridization effects. Both La and CuO contain CuOs groups [5), having 4

short and 2 long Cu-O bonds. The 123 HTSC contains CuOs and planar CuQ,




groups {5). The different n may alter the relative intensities of various
features as pointed out below, but similar features are present in each case.
The different bond lengths may increase the widths of the spectral features,
but little else since correlation dominates.

The CuOyf»-#~  cluster has one hole shared between the Cu 3d and O [
2p shells in the ground state, which we term the v (valence) states. We ‘
indicate the location of the v hole by d (Cu 3d) or p (O 2p). In the case of
two holes on the oxygens, we distinguish two holes on the same O (p?), on
ortho neighboring O atoms (pp*), or on para O atoms (pp?) of the cluster.
Furthermore, neighboring pp®* holes can dimerize {6], so we distinguish
between two holes in bonded (pp%n) and antibonded (pp*) O pairs.

Most of the O atoms actually participate in two CuO, clusters.

Consistent with previous work (7], we account for this by defining the
effective parameter, ¢, = ¢’ + Uy, where Uye includes the interaction of a
hole in an O p orbital with its environment. In general Upe wil be less than
Uep due to polarization.

The v states, as reflected by the theoretical DOS (2]; can be described
as having the Cu—O bonding (¥») and antibonding (¥,) orbitals centered at 4
and 0 eV and the nonbonding Cu and O orbitals at 2 eV, The O features each

have a width 2I' = 4 eV due to the 0-0 bonding and antibonding character

and the Cu-O dispersion. The ¥» and ¥, wavefunctions can be expressed as

4],

s = d cos - p sin%, (1a)

¥» = d sin®;, ¢+ p cos¥y, (1b)

aa

where 9; = 0.5 tan-1{2t/A). We also define the Cu-O hybridization shift &, =
0.5 sqrt(A%+442) - A/2, which is utilized in Table 1 to give the energies. In

this picture, the ground state of an average CuO. cluster is located at 1 eV
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having the energy ¢¢~8,4'/2 = c¢~a, which we use as a reference energy for
the v? states. In CuO, the hybridization shift " is smaller, and we shall see

below that Azcy~c¢ has increased to 1 eV. This increase can be attributed to
en increase in t,, or Uy, and reflects a smaller lattice polarization response

due to the more jonic character in CuO.

The photoemission process involves excitation from the ground v state
{f.e. the +, state) to the v! pgtates. Consiatent with the final state rule (8],
the photoslectron spectra reflect the v DOS, not the v DOS. In a highly
correlated system, the v and v¢ DOS are very different, explaining the well-
known differences seen [2) between the theoretical DOS and the photoelectron
spectra for the HTSC's.

Table 1 lists the 6 different v* configurations. These configurations
hybridize, {.e. 1,2,5 & 6 have the same symmetry and mix together to give ta
2 Ta Cas®s. The coefficients cas are obtained by diagonalizing the 4x4
Hamiltonian matrix, assuming each of the 4 configurations (pp?, dp, d?, & p?)
are orthogonal, and that pp?, p?, and d* have non-zero off-diagonal matrix
elements with dp but zero with each other. The two ppe* states (3 & 4) have
d.iiferex-lty lymm;try and mix l-oparately. The sudden approximation and the
croas~-sections for ionization from the O 2p and Cu 3d shells, oy and o4, can
then be utilized to give the expected relative photoemission intensities,

I{m) = I (<tail¥ad)t o1 = 5 (Za Can Ctamiload)? a1, (2)
for the six v? states. In eq. 2, ¥ indicates the orbital of the hole created by
the photoemission process, either d or p, where the new p hole may be
created ortho, para or on the same O atom as the initial p hole, (i.e. to create
the pp® p3?, or pp? configurations with relative cross-section oy = op/n,
{n~2)os/n, and op/n, respectively). o,/ce is roughly 2. for 21 eV, 1. for 45,

and 0.3 for 100 eV photons [2,9]). Results from eq. 2 utilizing the parameters
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in Table 1 are given in Fig. 2. States 1 & 2 and 3 & 4 are heavily mixed so
that they are the only ones to experience a significant hybridization shift, &4
and T, as shown in Table 1.

At low photon energies, the sudden approximation assumed above breaks
down [10]. 'l'ho(' opposite extreme, the adiabatic limit, gives intensity only in
the lowest state of each symmetry, 1 and 3, since the system is able to relax
befors escape of the photoelectron. Since the relaxation time goes as the
reciprocal of the shakeup energy (10], we expect that the high energy
features, such as the d* and pt "satellites”, will have much smaller intensity
than that predicted by eq. 2.

The valence band features. Photon energy dependent data {11-13] in

Figure 1 show that the VB features around 5.5 eV in Cu0Q and 2.5 and § eV in
123 arise more from o,, and the feature at 3 in CuQ and 4.2 eV in 123 from o4
{13-15]. Based on our estimated energies, for CuQ we asgign the 5.5-eV
feature to pp% and pp? and the 3-eV to dp. In 123, we assign the 5-eV to
PDP%s the 4.2 to dp, and the 2.5 to pp?, where we indicate the dominant
character of each hybridized state.

o 'rl;ec_e“;:;;ignmonu are also consistent wit;h th; réo'ﬁlt-s in Fié. 2. At low
hv when o, dominates a4, I{pp*) + 1(2) is about equal to I(1) at A = 1 in
agreement with the data for CuO, while it is much greater than I(1) at A = 0
in agre.oment. with the data for 123. At large hv when o¢ dominates o,, I{1)
and I{(2) dominate. The calculated results in Fig. 2 indicate that I(1}/1(2)
should equal about 1 at 4 = 1, and about 0.5 at &4 = 0, whereas the XPS
results in Fig. 1 indicate that these ratios are qualitatively much larger. The
enhancement of I(1) in both cases arises because of intensity transfer from

the d? state as a result of relaxation, which occurs even at XPS energies.

A character switch of state 1 from more dp to pp? and vice versa for




state 2 between CuO and 123 arises because A decreases from 1 eV to 0 eV.
The smaller A in 123, due to a smaller ¢p or Uy, is consistent with the Cu 2p
XPS and XES data to be discussed elsewhers [16). Statem 1 and 2 remain a
few oV apart in spite of this swilch because of the heavy CI mixing. Since
state 1 is more of pp? character in the SC's, the additional "chlu'rgo carrier
holes” (present in the La after Sr doping and in the 123 when 7-: is greater
than 6.5) are more on the oxygens.

Angle resolved PES data on single crystals of 123 show that the 2.5 eV
feature is the only one wﬁich shows a small angular dispersion and a photon
energy dependence [13). The near lack of dispersion is consistent with our
highly correlated cluster model. The small dispersion of the 2.5 eV feature
probably comes from inter-CuQ¢ cluster interaction, which is expected to be
the largest when both holes are on the bordering O atoms.

The dt satellite. The principal multiplet of the d* final state for CuOQ is

known to fall at 12.5 with a smaller one around 10 eV {11]. The intensity of
the d? final state is enhanced by the Cu 2p ~+ 3d (or 2p ~ 4sp in Cu;0 and
Cu) resonant excitation process followed by an Auger decay [11]. This
process is resonant between 72-80 eV. The SC’s exhibit a behavior similar to
CuQ (14]. The satellites in CusO and Cu do not have non-resonant components
{11] because the UPS for Cu:0 and Cu reflect the one-hole DOS. However, the
VB XPS of CuO and the ATSC’s can and do show a significant nonresonant d?
satellite (see Figure 1) [17]; indeed, it should grow as one approaches the
sudden limit. This possibility makes it even more difficult to interpret the
data for the HTSC's, since the d* satellite at 12.5 in the VB XPS falls at or
near the same energy as the Ba spin-orbit split 5p features [1), which have
been very controversial.

For the XPS (Figure 1a), Miller et al {1] have indicated that the 12.5 eV
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feature results from the Ba representative of the bulk, and the 14 and 16 eV
features result from Ba bonded to OH- and COs* on the surface. Steiner et al
{18) indicate that the 12.5 eV feature is representative of those Ba atoms
surrounded by O stoms, but that the 14 and 16 eV features arise from those
Ba atoms with either neighboring O defects or O atoma with holes (i.e. O
instead of Os~). Recent data [13] on single crystals cleaved in-situ (Fig. 1),
when impurities are not expected, reveal only the 14 and 16 eV features at
glancing emission (i.e. representative of the surface), and two additional
features shifted up by about 1 eV at normal emission (i.e. more representative
of the bulk). This shift has been interpreted as a surface chemical shift, but
it is actually consistent with the Steiner data and {ntarpretation, if one
assumes mores O defects exiat at the surface than in the bulk. Recently
Weaver et al [19] reported XPS data for sintered 123 which actually revealed
only the features at 12.5 and 14 eV. This indicates either that their surfaces
were free of impurities or that the bulk and surface were totally oxidized (i.e.
within the Miller or Steiner interpretations). More experimental data is
required here to conclusgively decide on these two alternatives, but in our
opinion the Steiner interpretation appears the more plausible at thia time.
Regardless of the interpretation, the intensity of the d* feature is clearly
much smaller than that predicted in Fig. 2 because of the relaxation to state
1. Theory indicates that I(d?) should be smaller in 123 than in CuO, so the

amount of the d: satellite actually present in the XPS for the HTSC's is still

uncertain.
The pp*% feature. The pp% state is believed to be responsible for the

"mystery"” peak found at 9.5 eV in the UPS. Although initially it was thought
to arise from carbon on the surface [20], more recent data {13, 21) (Pi&. 1b)

indicate that it is intrinsic to the material. PFigure 1b indicates that such a



festure also appears for CuO (11,12]. This feature does not appear for Cu:0,
as expected since UPS reflecta the one-hole DOS in Cu:O. Thus this feature
is not unique to the SC’s; it naturally appears for those systems with two-hole
photoemission final states.

l

[14,15), consistent with the pp* identification. Figure 2 givea the combined

The 9.5 eV feature has a cross-sectional dependence similar to o,

intensity, I{(pph) + I(pp%). We expect that I(pp%)/I(pp%) will be near 1 at
XPS energies (this may also depend on the n in Cu0,), and will be much
smaller at UPS enerzieu.due to relaxation. Therefore I(pp%») should decrease
because of relaxation, but increase because of o 8s hv decreases. A small
contribution also exists from o4 80 that it is visible even at XPS energies.
The data show that I{pp%) is larger for 123 than for CuO and La. This is
consistent with Fig. 2, and with the larger pp® cross-section expected for
smaller n.

An upper estimate of the two-center pp* hole-hole repulsion, Uyy®, can
be obtained from the Klopman approximation [22],

Uy = e¥/(ryg? + (2e2/(Uy + Uy))2)ina, 3)
where ry is the interatomic distance and Ui and U; are the corresponding
intra-atomic repulsion energies. Equation 2 gives a value for U,y* around 4.8
eV assuming ro-s is 2.7 A°. The experimental energies of 9.5 and 5.0 eV for
PP and pp* in 123 suggests that the pp* final state energy is 7.2 eV.
This gives an empirical estimate for Up® of 4.2 eV, very close to the Klopman
theoretical result, which does not include the effects of interatomic screening.

The above result shows that metallic screening of two holes, which are
spatially separated on neighboring O atoms, is not very significant. This is in
contrast to two Cu-0O holes, where Table 1 indicates the optimal Uep = 1 eV,

while eq. 2 estimates Ug at 6.1 eV assuming rce.e 18 1.9 Ae. This large




reduction in Ugp may result from charge transfer into the Cu 4sp levels %
screen the Cu-~O holes. Although metailic screening, which resulta from virtual
electron-hole (e-p) pair excitations at the Fermi level, is not expectad to be
large in an insulator such as CuO, screening effects are expected to be much
larger in metals, such as the HTSC's. The above, results show that Ug is
significantly reduced in both, and Uy® remains large in both. The Iack of a
signiticant change in the U’a betwsen CuO and the HTSC’s indicates that the
DOS at the Fermi level in the HTSC's must be very small

The assignment of the 9.5 eV feature explains some of its interesting
characteristics. Comparison of data [14] for YBa;CusO: (123:) with O levels at
x = 6.95, 6.5, and 6.05 reveal that the reduced O materials, 123¢s and 123ess,
have two peaks around 9.4 and 11.5 eV. It is known that the oxygen decrease
resulting from quenching or heating in vacuum occurs primarily from the CuOq
chains [23]). This may leave distorted CuOs or even peroxide Or clusters [6]
which have an 0-O distance less than that in the ordered CuOs groups, and
hence a larger Upp®. A Up® of 6.5 oV requires an 0-O distance of less than
2 A%, Very recent data [24) on the new Bi and Th type HTSC’as indicate s
gsingle feature around 10 eV limilnrAbo that for 123.

The_p?! feature. Evidence for the existence of the p? feature, estimated
to appear at 17.5 eV for CuO can indeed be found around 17 eV in the XPS
for CuO in Figure 1. UPS data for 123 {13] may reveal the p! feature
around 16 eV, moved up by at least 1 eV as predicted. Figure 1 shows UPS
at hv = 100 and 40 eV. The relative intensity of these two peaks changes
when normaily one would expect the relative intensity of the Spia and Spin
peaks to remain constant with photon energy. But, the 40 eV spectrum should
have a larger o, contribution. Thil‘ suggests that the hv = 40 eV spectrum

may have a contribution from the p? state, such as that indicated in Figure 1.

e
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Its intensity may arise as much from o4q as from o, at large hv, although we
indicate only the o, component in Fig. 2. Its theoretical intensity is
remarkably independent of A. At low hv, when op dominates, its intensity
remains small because of relaxation.

In summary, we have obtained a set of Hubbard parameters and derived
intensity expressions which consistently predict the various features seen in
the UPS data. The U’s involving the O atoms, U, and U,*, are much larger
in the metallic HTSC’s than expected. We have aassigned the UPS feature at
9.5 eV, and explained its characteristics. We will show elsewhere [16] that the
Hubbard parameters determined here are consistent with core level XPS, x-ray

emigsion and absorption, and Auger data.




TABLE 1 Summary of hole states revealed in the photoelectron
data, and estimated energies using the following optimal values
for the Hubbard parameters in eVs:

8, = 2 te = 2 . U, = 12, 13 Ue =9.5,10.2
8; = 0.5,0.8 ey =2 2, 3 Upp® = 4.5, 4 Uqp =1
rs=2 U"’ = 0, - H l. 0.5 4 = 0, 1.
State?® Energy expression Calc. E. Exp. E. Remark
aVe,d aVe
G.8. and IPERS, v
+,) d ce - 6, FT 0¥ 2 - heavily
W) p cp ¢ 8, FT 4 ¥ 2 - mixed
UPS and XES, vt
1) ppe Cp + A - 483 + a 2.5 2.8 heavily
2)* dp cp + Uqgy +831 +a 4.5 4.2 mixed
3) Pp®s cpt A +Upp® =Tta 5.5 5.
4) pp®s cpt A +Up,p® [+ 9.5 9.5 mystery peak
5) d? te + Ug ¢+ « 12.5 12.5 Cu sat.
6) p? cp + A+ Up 4+ 15 16

sParameters for 123 indicated first, those for CuO second.

*The dominant character in the hybridized states is given.

€The Calc. E and Exp. E columns indicate the results for 123.

¢The calculated E is defined relative to the ground v: (d) state energy =
te-x. The vi{d) energy defines the Fermi level relative to the vacuum level
at zero.

*The dominant character switchea as described in the text, and thus the sign
in front of 83 is the opposite for CuO.
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Figure Captions

Figure 1a) Comparison of photoelectron spectra in the range 10-18 eV for 123.

Data from refs. 13 (hv = 100 and 40) and 1 (hv = 1487).

1b) Comparison of UPS spectra for CuO and 123 taken with the

Figure 2)

indicated photon energies in eV, Data for CuO from refs. 17 (hv 2
1487), 11 (hv = 74) and 12 (hv = 21). Data for 123 from ref. 13
(hv = 25 and 74) and 1 (hv = 1487).

Calculated photoemission intensities for the v: states obtained
from evaluation of eq. 2, utilizing the parameters i{n Table 1 for
CuO. clusters. The intsnsities have been normalized so that the

sum is op + oq
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